Deuterium (D) labeling has been shown to improve the resolution and sensitivity of proton NMR experiments by reducing the overall relaxation rates of NMR-active nuclei. Therefore, D-labeling has become a useful tool for studying the functional structure of biomolecules by NMR. In recent years, NMR studies of deuterated samples of proteins with molecular sizes larger than 40 kDa have been reported.
Deuteration of recombinantly expressed proteins in Escherichia coli and the methylotropic yeast Pichia pastoris has been reported. [2] [3] [4] [5] [6] [7] To obtain an extensive amount of functional deuterated macromolecules, a biosynthetic method using microorganisms is an attractive strategy. However, in almost all cells, growth is inhibited in medium containing a high concentration of D 2 O. Although D 2 O is much less toxic to microorganisms than to mammalian cells, their growth rates are usually slower than in H 2 O. A strategy for effective cell growth at high concentrations of D 2 O remains to be explored.
When living organisms are exposed to D 2 O, at least two sets of effects are observed. One is a solvent isotope effect of D 2 O on the structure of water and macromolecules. The other is an isotope effect of D replacing H in biological molecules. These give rise to complex effects on cell growth. 8) An inhibitory effect of D 2 O seems to be due to inhibition of tubulin polymerization and effects on microtubule-organizing centers and other structures governing the formation of the mitotic spindle. [9] [10] [11] Other effects of D 2 O on energy production, such as lowered ATP/ADP ratios, 12) and on membrane receptors, such as impaired Ca 2ϩ channels and Na ϩ -K ϩ ATPase, have also been reported. [13] [14] [15] D 2 O also affects heatsensitivity [16] [17] [18] and the longevity of singlet oxygen. [19] [20] [21] These effects suggest that cultivation in D 2 O is stressful for cells. The expression and induction of molecular chaperones (heat shock protein, Hsp) might be important for growth in
We used a yeast cell line, ssa1ssa2, lacking constitutive Hsp70 proteins. The cell doubling time of the line was twice as long as that of the wild type (wt). 22, 23) To elucidate the reason for the decreased growth rate of ssa1ssa2, we had previously selected several cell clones of ssa1ssa2 with different doubling times. 24) We isolated a clone named S-11 that grew as fast as the wt and over-expressed Hsp70. It is known that an increased level of Hsp70 makes cells resistant to various stresses, including heat-treatment. We investigated the tolerance of the clone to cultivation in D 2 O. According to expectation, the clone grew well in D 2 O medium. An increased level of molecular chaperones might be essential to cell growth at stressful D 2 O concentrations.
MATERIALS AND METHODS

Yeast Cells
We used a yeast (Saccharomyces cerevisiae) cell lacking constitutive Hsp70 proteins (Ssa1 and Ssa2), called ssa1ssa2, 22, 23) as a parent cell. The ssa1ssa2 (strain A1630) and wt (strain A1591) cells were kindly donated by Dr. S. Lindquist of the University of Chicago. The doubling time of ssa1ssa2 cells was longer than that of wt cells. Several cell clones whose doubling times were shorter than that of the parental ssa1ssa2 cell were also selected.
Cultivation in D 2 O and Measurement of TemperatureSensitivity Yeast cells in the log phase (1ϫ10 5 cells/ml) were cultured at 25°C in a synthetic dextrose minimum medium (SD medium) prepared with 99.9 atom% D 2 O (Isotec Inc.). The doubling time was calculated from the cell number increase.
To investigate temperature-sensitivity, yeast cells (3ϫ10 After the ethanol was removed, the homogenate was resuspended in a sodium dodecyl sulfate (SDS) sample buffer containing 0.05 M Tris-HCl buffer (pH 6.8), 1% 2-mercaptoethanol, 1% SDS, and 10% glycerol. The cell suspension was separated by electrophoresis on 10% SDS-polyacrylamide gel (PAG) and transferred to a membrane (Immobilon-P, Millipore). The membrane was processed with antibodies. Complexes of antibody and Hsp were visualized by using horseradish-peroxidase-conjugated second antibody and the ECL detection system (Amersham Biosciences). The expression of Hsp70s was detected with the specific monoclonal antibody (MAb) 7.10, which recognizes all Hsp70 Ssa proteins in yeast. The anti-body was kindly donated by Dr. S. Lindquist. MAb C92F3A-5 (Stress Gen Biotechnology Co.) reacts with heat-inducible Hsp70s such as Ssa3 and Ssa4. Anti-KAR2 antibody, which reacts with Hsp70 in endoplasmic reticulum, was a gift from Dr. M. D. Rose of Princeton University.
Isolation and Identification of Hsp70 in Yeast Cells
Yeast cells (0.6 g) were homogenized and the ethanol was removed as described above. A sample suspended in sample buffer was applied to 7.5% SDS-PAG. Electrophoresis was performed at 20 mA for 6 h by using a Bio-Phoresis III (Atto Co. Ltd). The Hsp70 fraction was collected and filtered with a 30-kDa-cutoff membrane (Ultrafree-C3LTK, Millipore). It was then applied to an isoelectric focusing gel. The Hsp70 band was isolated from the gel. The gel containing Hsp70 was successively washed with 25% isopropyl alcohol, 10% methanol, and water, and homogenized. The sample was suspended in 50 mM Tris-HCl (500 ml, pH 8.5) and hydrolyzed with lysyl endopeptidase (5 mg/50 ml, Lys-C, Boehringer Mannheim Co.) at 37°C overnight. The sample was centrifuged at 5800ϫg for 20 min, and filtered with a membrane filter (pore size 0.45 mm, Millipore). The supernatant was applied onto a reverse-phase HPLC (LC-7, Shimadzu Co. Ltd) with a column (250ϫ4.6 mm I.D., Shim-pack HRC-ODS, Shimadzu Co. Ltd). Peptide fragments were eluted with a 10-60% acetonitrile linear gradient containing 0.05% trifluoroacetic acid at 36°C for 45 min (flow rate 0.8 ml/min). Each peak fraction was used for analysis of the amino acid sequence.
Total RNA was obtained from yeast cells (1-4ϫ10 8 cells) by using an elution kit (Fast RNA kit-RED, BIO101 Inc.). RT-PCR was performed by using each RNA, PCR primers designed from the amino acid sequences, and an RNA PCR kit (AMV Ver. 2.1, Takara Biochemicals). The reaction product was applied to a spin column (QIAquick PCR purification kit, Quiagen). The nucleotide sequence of eluted fragment was determined by using a DNA sequencer (373A DNA sequencer, Applied Biosystem) with a Dye Deoxy Terminator (Applied Biosystem).
RESULTS AND DISCUSSION
Isolation and Characteristics of a Mutant Yeast Cell
The doubling time of ssa1ssa2 cells is longer than that of wt cells as a result of decreased Hsp70s (Ssa1 and Ssa2). The lack of constitutional Hsp70s is thought to increase the active form of heat shock transcriptional factor (HSF) and to induce various Hsps, because one of the proposed roles of constitutional Hsp70s is to bind with HSF to keep it inactive.
25) The level of Hsp26 was closely correlated with the doubling time of clones of ssa1ssa2 cells. 24) To elucidate any alteration in clones of ssa1ssa2 with a shortened doubling time, we investigated 20 clones that had 800 Vol. 26, No. 6
Fig. 1. Expression of Hsp70 in Yeast Cells
Hsp70s in wt (lane 1), ssa1ssa2 (lane 2) and S-11 (lane 3) were detected with antiHsp70 antibodies. All member of yeast Hsp70 (Ssa) was detected with MAb 7.10 (a). Heat-inducible Hsp70s (Ssa3/4) were detected with MAb C92F3A-5 (b). Hsp70 in endoplasmic reticulum was detected with Anti-KAR2 (c).
Fig. 2. Nucleotide Sequence of Hsp70 in Yeast S-11
A part of nucleotide sequence was represented the homology with SSA1 as hatched area. The amino acid sequence in boldface is a part of the area recognized with anti-Hsp70 antibody (MAb 7.10). high colony-forming ability. We isolated two clones, S-10 and S-11, whose doubling times (in H 2 O) were as fast as that of the wt, 3.16 and 3.08 h, respectively. Interestingly enough, the level of Hsp70(s) was higher in S-11 cells than that in wt cells (Fig. 1a) . Although Hsp70(s) in S-11 was recognized by the anti-Hsp70 monoclonal antibody (MAb 7.10) which reacts with all Hsp70 Ssa proteins in yeast, that was a little different from Ssa proteins. Ssa proteins (69.32-70.52 kDa, YPD TM database) were observed at about 73 kDa on SDS gel, however, the size of Hsp70(s) in S-11 was found at about 78 kDa. In ssa1ssa2 cells, the expression of two heat-inducible Hsp70s, Ssa3 and Ssa4, was increased. However, the antibody against Ssa3/4 did not recognize Hsp70(s) in S-11 (Fig. 1b) . And that was also not recognized the antibody against Hsp70 in endoplasmic reticulum of which size was 78 kDa (Fig. 1c) . The results of isoelectric and two-dimensional electrophoresis showed that S-11 cells expressed mainly 78 kDa Hsp70 (isoelectric point (pI) 4.35), and small amount of 73 kDa Hsp70 (pI, about 5.0) that was close to the values of Ssa proteins (pI 4.90-5.06, YPD™ database).
The purified 78 kDa Hsp70 was hydrolyzed with Lys-C, and peptide fragments were separated by HPLC. The amino acid sequences of 7 peptide fragments were screened for homology. The highest homology was found with Ssa1. Two fragments completely agreed with Ssa1, but the other fragments showed some differences from Ssa1. Next, the nucleotide sequence was partly clarified on the basis of the RT-PCR products. The highest homology was found with SSA1 among the database of DNA sequence for Saccharomyces cerevisiae (Fig. 2) . We think that clone S-11 has both revertant and point mutations in ssa1ssa2 that had been produced by insert mutation. (Fig. 3) ; its doubling time was 10.6 h. On the other hand, the growth rates of the wt, S-10, and ssa1ssa2 were markedly lowered in D 2 O.
In H 2 O, the basal level of Hsp70 in S-11 was several times higher than that in the wt (Fig. 4) Although the incorporation ratio of D is thought to be lower in heterotrophic yeast than those in autotrophies such as algae, 32) yeast clone S-11 has high value of utility because of the fast growth rate in D 2 O. As a next step for obtaining Yeast cells (5ϫ10highly deuterated compounds, it might be needed to culture cells using D-labeled dextrose and amino acids.
Heat-Sensitivity of Yeast To clarify the reason for the high level of Hsp70, we investigated the temperature-sensitivity of yeast clone S-11. Although ssa1ssa2 cells were heatsensitive, 22, 23) S-11 cells were more heat-sensitive and much more cold-resistant than the wt and ssa1ssa2 cells. The S-11 cells could not grow above 30°C, but they could grow below 15°C (Fig. 5) , even at 5°C. The optimum temperature appears to be lower in S-11 than in wt. Therefore, S-11 cells cultured at 25°C were heat-stressed and so increased their level of Hsp70.
CONCLUSIONS
We isolated a D 2 O-resistant mutant clone of yeast. The clone, S-11, could grow in close to 100% D 2 O medium. The level of Hsp70s was higher in S-11 than in wt cells, and the sequence of Hsp70 in S-11 exhibited the highest homology with Ssa1. S-11 cells were resistant to cold temperatures. Cultivation at 25°C, which is a normal temperature for wt cells, appeared to induce Hsp70 in S-11. An increased level of Hsp70 is thought to protect and repair protein stability, folding, and assembly from the harmful solvent isotope effect of D 2 O. The difference of growth rate between S-11 and wt suggests that previous induction of Hsp70 is more important than subsequent induction for protection from damage by D 2 O. And the cold-resistance of S-11 might indicate an altered function of Hsp70. This mutant may prove to be a useful tool for obtaining D-labeled bimolecules for NMR applications in structural biology.
